Anhidrotic ectodermal dysplasia (EDA) is a human genetic disorder of impaired ectodermal appendage development. The EDA gene encodes isoforms of a novel transmembrane protein, ectodysplasin. The sequence of the longest isoform includes an interrupted collagenous domain of 19 Gly-X-Y repeats and a motif conserved in the tumor necrosis factor (TNF)-related ligand family. In order to understand better the function of the ectodysplasin protein molecule and its domains, we have studied the processing and localization of wildtype and mutated isoforms in transfected human fetal kidney 293 and monkey kidney COS-1 cells. Similar to other members of collagenous membrane proteins and members of TNF-related ligands, ectodysplasin is a type II membrane protein and it forms trimers. The membrane localization of ectodysplasin is asymmetrical: it is found on the apical and lateral surfaces of the cells where it colocalizes with cytoskeletal structures. The TNF-like motif and cysteines found near the C-terminus are necessary for correct transport to the cell membrane, but the intracellular and collagenous domains are not required for the localization pattern. Our results suggest that ectodysplasin is a new member in the TNF-related ligand family involved in the early epithelial-mesenchymal interaction that regulates ectodermal appendage formation.
INTRODUCTION
Ectodermal dysplasias (EDs) are a group of >50 distinguishable hereditary disorders with impaired development of ectodermal appendages (1). All are rare, and the molecular basis for EDs is largely unknown. Since all the appendages affected in EDs-hair follicles, sweat glands, teeth and nails-arise from interactions between epithelium and mesenchyme, it has been suggested that the genes responsible for the various EDs are part of signaling pathways that regulate ectodermal organogenesis. One entry point to study the pathways is provided by the identification of the gene mutated in X-linked anhidrotic ectodermal dysplasia (EDA), one of the most common types of ED. The symptoms of EDA include absence or hypoplasia of hair, teeth and sweat glands (2) . The EDA gene encodes novel protein products named ectodysplasin (3, 4) . The original cDNA encodes a novel 135 amino acid product with a suggested type II orientation (3) , and the protein has been shown to localize to the outer cell membrane (5) . Recently we have shown that the EDA gene undergoes extensive alternative splicing and produces several transcripts: the original shortest EDA-O form, longest EDA-A form and five other forms (EDA-B, -C, -D, -E and -F) (4) . All the transcripts have the same first exon which encodes a short predicted intracellular domain, a single transmembrane domain and an extracellular domain of 66 amino acids. In addition, the longest 391 amino acid form, EDA-A, includes a positively charged domain, 19 repeats of Gly-X-Y with an interruption between repeats 11 and 12, two putative Nglycosylation sites and a cysteine-rich C-terminal domain (4, 6) .
The phenotype of mouse Tabby strain, which is highly similar to EDA, results from mutations in the murine homologue of EDA (7, 8) . The EDA gene is evolutionarily highly conserved, the longest encoded forms of human and mouse proteins showing an overall homology of 94.6%. The Tabby gene also undergoes alternative splicing and homologs of the human EDA-A, -B and -C have been described also in mice (8) . Studies of expression of EDA in human tissues by in situ hybridization and immunohistochemistry have shown that, in line with the EDA disease phenotype, the gene is expressed in a number of tissues, including developing and mature skin appendages (3, 9) . The mouse Tabby gene is also expressed in various tissues, including embryonic teeth and epidermis (8) .
The structure of ectodysplasin suggests that it might belong to the group of membrane-associated collagenous type II proteins, which include collagen types XIII and XVII (10, 11) , proteins with short collagenous domains, types I and II macrophage scavenger receptors (12, 13) and MARCO protein (14 (15) , and MARCO protein has been shown to bind bacteria (14) . Since the number of uninterrupted Gly-X-Y repeats in EDA-A is only 11, and is among the smallest found in this group, it has remained unclear whether it can form collagenous triple helix.
In addition to the collagen domain, the C-terminal domain of the EDA-A protein contains a domain of homology to the members of the tumor necrosis factor (TNF) ligand family (Fig. 1) . TNF-like ligands induce signals leading to cell death, proliferation or differentiation and they are also trimeric type II membrane proteins (16) .
The evidence presented here proves that ectodysplasin also has type II membrane orientation and trimeric structure, and that it has strikingly asymmetrical membrane localization. The functional importance of the portions of the EDA-A protein is shown by many EDA producing mutations located in the collagenous, TNF-like and cysteine-rich domains (4, 6) . We have shown previously that the EDA-O and -A forms can induce rounding and detachment of breast epithelial MCF-7 cells (4, 5) . In this report, we study the processing and defined cellular localization of wild-type and mutated ectodysplasin isoforms in transfected cells in order to understand better the function of the ectodysplasin protein molecule and its various domains. Based on the scenario provided by the results, we propose that ectodysplasin is a new collagen domaincontaining member of the superfamily of TNF-like ligands involved in the regulation of ectodermal morphogenesis. (35, 36) . Sites of missense mutations found in the EDA patients within the TNF homology region (H252L, G291R, G291W, D298H, G299S, A349T, A356D and R357P) are shown with asterisks (4, 6) .
RESULTS

Ectodysplasin belongs to the type II class of membrane proteins
No signal peptide is found in the ectodysplasin protein sequence, and it has been suggested to belong to the type II class of membrane proteins, with their C-terminus protruding to the extracellular space. To test for its orientation, we used antibodies raised against a 17 amino acid peptide sequence from the N-terminus of the protein (A17, Fig. 1A ; Materials and Methods). Anti-D-EDA antibodies, raised against the full length 135 amino acid EDA-O product ( Fig. 1 ) (5) were used as control. When EDA-A2 (Fig. 1A ) transfected 293 cells are reacted with anti-D-antibodies, surface staining is obtained both under permeabilizing and non-permeabilizing conditions ( Fig. 2A and B) . However, when non-permeabilized cells are reacted with A17 antibodies, no staining is visible (Fig. 2D) , indicating that the N-terminal antigen recognized by the antibody truly resides inside the cell.
Ectodysplasin proteins with collagenous domain form trimers
To test whether the 19 Gly-X-Y repeats found in the EDA-A protein could support collagenous trimer formation we used expression constructs with the cDNAs corresponding to the EDA-O, -C, -A1 and -A2 transcripts (Fig. 1A) , as well as mutated forms of the constructs lacking various domains. ∆COL has a deletion of the C-terminus starting from the collagenous domain; ∆CYS has deletion of the cysteine-rich C-terminus; Cys-Ser has serines instead of the cysteines in the C-terminus; COL-mut has an in-frame deletion of two Gly-X-Y repeats; and ∆IC lacks the intracellular domain (Fig. 1A) .
Total protein lysates from 293 cells transfected with the constructs were run on SDS-PAGE and immunoblotted. When the samples were run without boiling under non-reducing conditions in 6% gel, bands corresponding to the size of trimeric forms migrating around 140 kDa were seen in the lysates of EDA-A1 and -A2 transfected cells (Fig. 3A) . Although some weaker high molecular weight bands were seen also in cells transfected with the EDA-O construct, no bands corresponding to the estimated trimeric size could be detected. Of the mutated constructs, trimeric forms could be detected in the lysates of COL-mut and ∆IC transfected cells, but not in ∆COL, ∆CYS and Cys-Ser transfected cells (Fig. 3A) . No trimer bands were detected on the 6% gel when the samples were treated with reducing agent and boiled (data not shown).
When the same samples were boiled and run on a 12% gel under reducing conditions, all the protein monomers showed the expected size (Fig. 3B ). All the products were seen as two or three closely migrating bands, suggesting post-translational modifications. The putative two N-glycosylation sites found in the EDA-A form cannot account for the two bands seen in the EDA-O form and in ∆COL, since they lack these sites. In EDA-A1, EDA-A2 and COL-mut transfected cells smaller ∼20 kDa products are also observed ( Fig. 3B ; in the EDA-A1 lysate not seen in this exposure). These could be degradation products or products left in the membrane after a specific cleavage event. No 
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protein product was visible in control cells transfected with the vector alone (Fig. 3) . Under the conditions used, no protein product could be visualized on immunoblots of the lysates from cells transfected with the EDA-C construct (data not shown). The trimer formation results of each of the proteins is summarized in Figure 1A .
Ectodysplasin co-localizes with the actin cytoskeleton on the apical and lateral surfaces of cells
We have previously reported localization of the EDA-O and -A proteins to the plasma membrane in transfected COS-1 and MCF-7 cells (4, 5) . The localization patterns of the various protein isoforms were now compared in COS-1 and 293 cells. Cells were transfected with the EDA-O and -A2 constructs, immunostained and analyzed with confocal laser scanning microscopy. Staining patterns obtained with EDA-O-transfected COS-1 cells and EDA-A2-transfected 293 cells are shown in Figure 4 . In the basal section of the transfected cells almost no staining for the protein was detectable (Fig. 4A and E) . When the cells were scanned upwards, the staining grew stronger in the lateral (Fig. 4F and G) and apical ( Fig. 4B and H) surfaces of the cells. There the EDA protein co-localized with filamentous actin. On the apical surface of the cells both forms co-localized with cytoskeletal structures to give a punctated pattern. The same staining pattern was obtained with EDA-O (Fig. 5) and -A1 transfected into 293 cells, or with EDA-A1 and -A2 transfected into COS-1 cells (data not shown). 
Subcellular localization of the isoforms and mutation constructs
In order to study which domains of the ectodysplasin protein are required for correct localization in the cell membrane, 293 and COS-1 cells were transfected with the isoform and mutation constructs shown in Figure 1A . Immunostaining and analysis by confocal laser scanning microscopy of 293 cells gave patterns seen in Figure 5 . In the cells transfected with the EDA-C isoform (Fig. 5B) , staining was obtained only in a few cells, and the signal was weaker compared with cells transfected with the three other isoforms EDA-O (Fig. 5A) , -A2 (Fig. 5C ) and -A1 (data not shown). Also, very little surface staining was seen in non-permeabilized EDA-C transfected cells (data not shown). Taken together with the immunoblot results, this suggests that the EDA-C protein is unstable.
When 293 cells transfected with the deletion constructs ∆COL, COL-mut or ∆IC were immunostained without permeabilization, distinct cell surface staining was observed, indicating that the proteins encoded by these constructs were effectively transported to the cell membrane ( Fig. 5E-G) . Furthermore, the staining pattern obtained with these constructs was comparable with that seen with the wild-type proteins, and again, the proteins localized in a punctate pattern on the lateral and apical surfaces of the cells. The staining obtained with the COL-del construct lacking the 19 Gly-X-Y repeat collagen domain was similarly comparable with the wild-type localization (data not shown). In contrast, in cells transfected with the ∆CYS construct, surface staining was remarkably reduced (Fig. 5H) , and the intracellular localization differed from the wild-type proteins. Compared with the fine 'network' seen with wild-type isoforms ( Fig. 5A and C) this variant gave more compact staining around the nucleus (Fig. 5D) . The localization patterns obtained with the Cys-Ser construct, and with the construct lacking the 17 amino acid TNF-like motif, TNF-del, were similar to that for ∆CYS (data not shown). Each of the constructs behaved in a similar way in transfected COS-1 cells (data not shown). The cell membrane localization results obtained with the various constructs are summarized in Figure 1A .
DISCUSSION
Ectodysplasin is a trimeric type II membrane protein
As previously suggested by analysis of the amino acid sequence, we show now that ectodysplasin is a transmembrane protein with type II orientation; i.e. its N-terminus is positioned inside the cell. Type II orientation has recently been shown also for the mouse homolog, Tabby-A protein (17) . This orientation occurs in only ∼5% of transmembrane proteins, but has been found for other collagenous membrane proteins, type XIII and XVII collagens (11, 18) , macrophage scavenger receptors types I and II (12, 13) and MARCO protein (14) . Also members of the TNF ligand family are known to have type II orientation (16) . The orientation implies that all ectodysplasin isoforms have a short 43 amino acid intracellular domain and extracellular domains of varying length, and that the (Gly-X-Y) 19 collagen-like domain and the TNF-like domain are out in the extracellular space.
Our results show that the EDA-A protein is found in cells in a complex with a molecular weight corresponding to trimers.
Trimeric forms were not seen with the proteins lacking the collagenous domain, EDA-O and ∆COL, nor with constructs lacking the C-terminal cysteines, ∆CYS and Cys-Ser. The deletion of the intracellular domain did not prevent the trimer formation. The uninterrupted Gly-X-Y repeat segment in the EDA-A protein seems to be among the shortest known, but is comparable with ficolin α, a secreted collagen-like protein, which has a domain of 18 uninterrupted repeats followed by two additional repeats and is also known to form trimers (19) . The membrane-associated collagen types XIII and XVII have several collagen domains, type XIII having three domains of 31, 56 and 77 Gly-X-Y repeats (20) and type XVII having 15 domains varying in length between 5 and 80 repeats (21) . In the MARCO protein the number of the repeats is 89 with one interruption, and for the type I and type II scavenger receptors, 24 repeats.
Apparently, any of several other protein domains can promote or stabilize collagenous trimers. The murine MARCO protein has been suggested to form trimers in which the monomers are linked to each other by disulfide bonds (14) . For the type I and type II scavenger receptors, the trimers have been shown to comprise of disulfide-linked dimers and noncovalently associated monomers (22) . Truncated scavenger receptors containing only eight Gly-X-Y repeats have also been shown to form trimers, suggesting that at least in the case of the scavenger receptor, other domains of the protein, probably the α-helical coiled coil domain, can trimerize independently of the collagenous domain (23) . In the case of the EDA-A protein, transformation of the C-terminal cysteines to serines remarkably reduced the amount of the trimeric form, and thus the cysteines seem to be necessary for the formation of stable trimers.
The collagenous domain has been shown to mediate ligand binding by scavenger receptors (23) . Moreover, an isolated collagen domain from complement component C1q, which is a secreted, complex oligomeric protein consisting of A, B and C subchains with 26 or 27 Gly-X-Y repeat collagenous domains (24) , has been shown to bind polyanionic ligands (23) . Functional importance for the collagenous domain of the EDA-A protein was suggested by the finding that some EDA patients carry in-frame deletions of two or four Gly-X-Y repeats (4) . It remains to be seen whether the collagen domain of ectodysplasin has any ligand binding properties.
Cellular localization of ectodysplasin
As shown by double staining with filamentous actin, ectodysplasin co-localizes with cytoskeletal structures on the plasma membrane. Furthermore, the localization is strikingly asymmetrical. Almost no protein is found in the regions of contact with the substratum, some in the regions of cell-cell contact, and high levels are seen at points where cells are free of any contact. All the analyzed protein forms localized similarly, except for ∆CYS, Cys-Ser and TNF-del, which were not efficiently transported to the cell membrane. Thus, the Cterminal cysteines, in addition to being needed for trimerization, are needed for efficient transport to the membrane. It is possible that without the cysteines, the collagenous domain makes abnormal structures and the protein remains in the endoplasmic reticulum, accumulating in packed staining around the nucleus. The deletion of the TNF motif also interfered with the localization of the protein to the cell membrane. Possible explanations for this are that the deletion causes conformational changes or affects the glycosylation occurring on the nearby site. Thus, although the significance of the TNF-like domain for the function of ectodysplasin remains under further study, our results clearly demonstrate its importance for the proper processing of the protein. The deletion of the intracellular domain did not abolish colocalization with cytoskeletal structures, implying that the specific pattern does not depend on intracellular contact with cytoskeletal proteins. Neither does it depend on the presence of the collagenous domain, since the same pattern was seen also with the shortest EDA-O form.
We have previously suggested the involvement of ectodysplasin in cell-cell or cell-matrix interactions (4, 5) . However, the subcellular localization of ectodysplasin suggests that it is not involved directly in the attachment of the cells to the substratum, at least in the in vitro conditions used. The localization pattern is also quite different from that of classical cell-cell adhesion molecules such as E-cadherin, which is found in tight junctions between the cells (24,25; S. Ezer, unpublished data). Ectodysplasin might rather have a regulatory role in adhesion. Such a role would be consistent with the observed rounding up and detachment of transfected MCF-7 cells (4,5).
Homology to TNF-like ligands
Despite the similarity in quaternary structures, ectodysplasin differs from the other type II membrane collagenous proteins. Whereas the scavenger receptors and MARCO protein show sequence homology of 48.9% in their C-terminal domains, no significant sequence homology is found to ectodysplasin outside the collagenous domain. In addition, whereas both scavenger receptors and MARCO are implicated in host defence mechanisms and are expressed mainly on macrophages (14, 27) , ectodysplasin is involved in differentiation and is expressed in a broad range of tissues and cell types (9) .
The C-terminal part of the extracellular domain of ectodysplasin reveals homology to members of TNF ligand superfamily. However, ectodysplasin is unique also among this group of proteins. Except for the conserved TNF motif, there is quite limited sequence homology to other TNF-like molecules (Fig. 1B) . So far only one other protein with collagen-like structure, the adipocyte complement-related protein of 30 kDa (ACRP30), has been described to contain regions of structural homology to TNF (28) . Members of the growing family of TNF-like ligands are widely expressed and are involved in cell death, survival, proliferation and differentiation (29) (30) (31) . Many of the TNF-like ligands occur in cell-bound form, but proteolytically released forms are also known (30, 32, 33) . In transfected cells, the EDA-A protein showed the expected molecular weight of 45 kDa, but in addition we detected minor amounts of 20 kDa product. Thus, it is possible that ectodysplasin is also cleaved to produce a diffusible molecule. Since most of the TNF-like ligands are known to be active as trimers (16) , the trimer formation by ectodysplasin suggests that it could also function as a ligand. Importance of the TNF-like domain is also supported by the fact that many missense mutations leading to the full EDA phenotype are found there (4,6) (Fig. 1) .
We suggest that ectodysplasin is a new TNF-related ligand with collagen structure that activates a signaling pathway in the early morphogenetic stages of ectodermal appendage formation. Consistent with this role, EDA is expressed in body epithelium and hair follicles during embryonic development, but continues also in adulthood, in mature skin appendages (3, 4) . This could be merely basal expression without functional consequences, or could be due to a possible function of EDA in additional pathways not related to skin development. Alternatively, EDA could participate also in signaling pathways involved in the continuous regeneration of adult skin.
MATERIALS AND METHODS
Production of antibodies
To obtain affinity purified polyclonal A17 antibodies, rabbits were immunized with a synthetic 17 amino acid peptide (PEVERRELLPAAAPRER) designed from the N-terminus of the EDA-A protein (Fig. 1A) . Obtained antiserum was purified with the peptide antigen bound to Affi-gel 10 column (BioRad, Hercules, CA), according to the manufacturer's instructions. Anti-D-EDA antibodies, which were made against the 135 amino acid EDA-O protein, have been described previously (5).
Preparation of constructs
To prepare the ∆COL, ∆CYS and ∆IC constructs, fragments were amplified by PCR using pCMV5-EDA-A2 (4) as a template with the following primers. For ∆COL: AK-1F, 5′-TAGGTACCTCAGAGGTCGTGAACGGCTG-3′ (KpnI site underlined) and AB-2R, 5′-TAGGATCCTCATGCTTTCTT-TCCCTTTTTCTTG-3′ (BamHI site underlined); for ∆CYS: AK-1F, as above, and AB-3R, 5′-TAGGATCCTCACT-GCAGGAAGGGCTTCTC-3′ (BamHI site underlined); for ∆IC: AC-2, 5′-TCATCGATTGAGGCCATGGGCGAAG-GGAACATCTGC-3′ (ClaI site underlined) and AB-R, 5′-TAGGATCCACAGCAGCACTTAGAGGT-3′ (BamHI site underlined). The fragments were cloned into the pCMV5 expression vector utilizing the underlined digestion sites. To prepare the COL-mut construct, pCMV5-EDA-A2 was partly digested with EcoRI and self ligated. A clone was selected in which a 18 bp fragment between two EcoRI sites located in the collagenous domain was lost. This clone has an in-frame deletion of two Gly-X-Y repeats (repeat numbers 8 and 9). To prepare the Cys-Ser construct the method of site-directed mutagenesis with PCR (34) was used. Primer cys-mut, 5′-TGCAGTCCACACGCAGCATCGAGACGGGCAAGACA ACTACAACACTTCCTATACCGCAGGCGTCTC-CCTCCT-3′, which changes all the three cysteines to serines, and primer AB-R, as above, were used in the first round of PCR. This product was used as a primer together with primer E1AEXT, 5′-CCGGGCCTCAAGAGAGTGGATGT-3′, in the second round. The obtained PCR product was exchanged with the insert of plasmid pCMV5-EDA-A2 utilizing ApaI and BamHI restriction sites. To prepare COL-del and TNF-del constructs, two PCR fragments from each side of the segment to be deleted were amplified from the plasmid pCMV-EDA-A1 and ligated into the pCMV-5 vector between HindIII and SalI sites. The primers used were ATGHind, 5′-AAGCTTATGTCTC-CGGAGGCCATGGG-3′ and R-Eco, 5′-CTGCTTTCTTTC-CCTTTTTC-3′ for the 5′ fragment of COL-del, and for the 3′ fragment F-Eco, 5′-GATAAAGCTGGAACTCGAG-3′ and ECR, 5′-GTCGACACGGACAGAGGCAAAATGGG-3′. For the 5′ fragment of TNF-del the primers were ATGHind, as above, and TNF-R, 5′-GGTACCCCCGCTGCGGGGATG-TAG-3′ and for the 3′ fragment TNF-F, 5′-GGTACCCAACT-TCACTGACTTTGCCA-3′ and ECR, as above. All constructs used in the study were verified by sequencing.
Immunoblots
Cells were transfected using the lipofection method with Lipofectin (Gibco BRL Life Technologies, Rockville, MD) or FuGENE (Boehringer Mannheim, Mannheim, Germany) reagents according to the manufacturer's instructions. Transfected cells were grown in the presence of 75 µg/ml ascorbate (Sigma, St Louis, MO). Forty-eight hours post-transfection the cells were washed with phosphate-buffered saline (PBS) and lysed with Laemmli loading buffer. In non-reducing conditions, loading buffer without reducing agent was used and the lysates were loaded as such. For reducing conditions, β-mercaptoethanol was added at a concentration of 5% and the samples were boiled for 5 min. Equal volumes from each lysate were run on SDS-PAGE and electroblotted. The proteins were visualized by incubating with anti-D-EDA serum precleared against the GST-column at a concentration of 1:8000 and peroxidase conjugated secondary antibody followed by enhanced chemiluminescence. Kaleidoscope prestained standards (Bio-Rad) were used as molecular weight markers.
Immunofluorescence staining
Cells were grown on glass coverslips, transfected and stained 48 h after transfection as described (5) . Permeabilization was done with 0.2% Triton X-100 in PBS for 5 min at room temperature. Affinity purified anti-D-EDA antibodies were used at the concentration of 1.75 µg/ml and A17 antibodies at 1 µg/ml. Samples were imaged with an LSM 410 Laserscan microscope (Zeiss, Oberkochen, Germany) and the images processed using Adobe Photoshop Software.
